Radiocarbon analysis of soil CO 2 can provide information on the age, source and 6 turnover rate of soil organic C. We developed a new method for passively trapping 7 respired CO 2 on molecular sieve, allowing it to be returned to the laboratory and 8 recovered for C isotope analysis. We tested the method on a soil at a grassland site, 9 and using a synthetic soil created to provide a contrasting isotopic signature. As 10 with other passive sampling techniques, a small amount of fractionation of the 13 C 11 isotope occurs during sampling, which we have quantified, otherwise the results 12
Introduction 21 22
The largest flux of carbon (C) from terrestrial ecosystems is soil respiration 23 (Raich and Tufekcioglu, 2000) , but the processes involved in this flux, and how 24 -2 -they will respond to global change, remain poorly understood (Subke et al., 2006) . 25
There are several reasons for this including practical issues associated with 26 measuring processes occurring below ground. One of the major challenges facing 27 soil biogeochemists is determining whether the CO 2 derived from the 28 decomposition of soil organic matter (SOM) comes mainly from the decomposition 29 of the typically small pool of C derived from recent plant activity, or from the 30 larger and older soil organic C reservoirs. This must be addressed if we are to 31 predict the effect of global warming on soil organic C stocks and the potential for a 32 positive feedback to climate change. Measurements of the 14 C content of soil-33 respired CO 2 can help us towards these ends. 34
Soil contains organic material at various stages of decomposition and 35 microbial resynthesis, and we know from direct radiocarbon analysis that it can 36 range in age from a few years up to several thousand (e.g. Bol et al., 1999) . Indeed, 37 natural abundance radiocarbon analysis of SOM has been used to estimate soil C 38 cycling rates using models of C turnover (e.g. Harkness More 'traditional' methods of CO 2 collection are impractical due to the large 49 volumes of gas required (e.g. for sampling bags, evacuated flasks), or are 50 potentially hazardous (e.g. trapping in liquid nitrogen or hydroxide) in field 51 situations. The collection of respired CO 2 by the pump-based molecular sieve 52 sampling methods described by Gaudinski et al. (2000) and Hardie et al. (2005) are 53 ideal for situations where respiration rates are relatively high, sampling times 54 relatively short (<1 d), and study sites are readily accessible. However, in some 55 ecosystems (e.g. high altitude or high latitude), access to remote sampling sites 56 may be extremely restricted for a considerable portion of the year, especially 57 during winter, even though soil respiration can continue and represent an important 58 proportion of the annual total (Elberling, 2007) . 59
With a view to collecting samples of CO 2 derived from soil respiration 60 during winter in a remote Arctic location we developed and tested the use of 61 molecular sieve cartridges (MSCs) for the collection of CO 2 without the need for a 62 pumping system. The technique uses 'passive sampling' whereby instead of 63 pumping a gas through a molecular sieve, the gas enters by diffusion (passive 64 samplers are also known as 'diffusive' samplers; Bertoni et al., 2004) . Due to the 65 properties of the molecular sieve, CO 2 is adsorbed from the air preferentially over 66 any other gas except water vapour. On return to the laboratory, the CO 2 can be 67 released from the sieve by heating. Passive sampling is simple and inexpensive and 68 does not require an energy source during sampling; cartridges only require 69 installation, followed by recovery after the required sampling time. Thus, they are 70 extremely suitable for sampling in locations where access is only periodic, or in 71 situations where sampling involving pumps might cause unacceptable disturbance 72 (e.g. beneath a snow-pack).
-4 -Passive sampling has previously been used for 14 The design of the molecular sieve cartridge (Fig. 1) base (for contact with the soil) and closed at the top with a rubber seal (Fig. 1) . 171
Three couplings were inserted into the side of the chamber to which MSCs could-8 -be attached. Therefore at any one time, three MSCs could be used to collect 173 passively CO 2 from the headspace of the chamber. Inside the chamber a 174 hydrophobic filter (Accurel PP V8/2 HF, Membrana GmbH, Germany) was 175 attached to the couplings which allowed gas exchange between the inside of the 176 chamber and the MSCs, but prevented liquid water from entering the MSCs. 177
The chamber was inserted to a depth of ~4 cm in both the grassland and 178 synthetic soils (vegetation had previously been removed from the grassland soil 179 one month earlier, and no vegetation was present in the synthetic soil). Prior to 180 attaching the MSCs, the atmospheric CO 2 inside the chamber had been removed 181 using a soda-lime based scrubbing system (Hardie et deviations. The 65 ml flasks were also returned to the laboratory, the CO 2 227 cryogenically recovered on a vacuum rig as described above, and the δ 13 C 228 measured.
14 C content was measured for one flask sample (F2 in the grassland 229 experiment). 230 231
Results 232 233

Grassland soil 234 235
The sums of CO 2 recovered from the short-, medium-and long-period 236
MSCs were each very similar (Table 2 ). There was a highly significant correlation 237 (P<0.001) between CO 2 recovered from the sieve cartridges and sampling time, 238 which was linear even when the incubation was extended to 28 days, by which 239 time the MSCs had trapped >100 ml of CO 2 (Fig. 3) . This suggests that the sieves 240 were collecting representative samples of the respired CO 2 independent of the 241 duration of the incubation. 242
The δ 13 C values were unaffected by multiple versus single MSC samplings 243 (Table 2) . The results from all values when averaged for the full 8 days of the main 244 experiment were all identical to within 2 σ; this is despite the fact that the δ 13 C of 245 the recovered CO 2 ranged from -30.4 to -29.5‰ over the course of the experiment, 246 as indicated by the results for the short period samples. The δ 13 C values from the 247 MSCs are, however, more depleted than samples collected from the same chamber 248 using evacuated flasks. 249
There was a slight difference in the 14 C content of the two medium period 250 samples (although only significant at 1 σ), perhaps indicating a slight change in the 251 mean age of the respiration during the course of the experiment (Table 3) . 252
Importantly, the average of the two medium period samples was not significantly 253 different (<1 σ) to the result for the long period sample. In addition, all samples 254 collected using the passive molecular sieve method had 14 C contents that did not 255 differ (<1 σ) from the evacuated flask sample when measurement uncertainty was 256 considered (Table 3) . 257 258
Synthetic soil 259 260
The δ 13 C value of the CO 2 recovered from the molecular sieve varied 261 during the experiment from -11.8 to -14.0‰ (Table 4) . A similar range of variation 262 in chamber CO 2 δ 13 C occurred for the flask samples (range -8.7 to -10.9‰; Table  263 4). Importantly, however, when the results from the MSCs for the short sampling 264 periods were combined the results were never significantly different (<2 σ) to the 265 longer period samples collected at the same time (Table 4) . For example, the 266 average δ 13 C value of the first two short period samples (S1 and S2) was -12.4‰, 267 whereas the first medium period sample (M1) had a δ 13 C value of -12.5‰. 268
Similarly, combining the two medium period samples (M1 and M2) resulted in a 269 δ 13 C value (-13.1‰) that was nearly identical to the long period sample (L; -270 13.0‰). 271 -12 -However, unlike in the results from the grassland, combining the volumes 272 of CO 2 recovered from short period samples did not in all cases result in the 273 expected values based on the longer period results. For example, the total volume 274 of CO 2 recovered in S1 and S2 was 14.0 ml, whereas the equivalent longer period 275 sample (M1) had a CO 2 volume of 21.2 ml. A similar situation was apparent in 276 samples from the second half of the experiment where the total volume recovered 277 from samples S3 and S4 (11.7 ml) was substantially lower than the M2 sample 278 (15.3 ml). 279
Inspection revealed that two of the MSCs used to collect samples S1 and S4 280 from the synthetic soil were slightly different compared to the other MSCs. These 281 two cartridges were made from glass tubing with a narrower inner diameter than 282 the other MSCs (2 mm diameter compared to 4 mm for the other MSCs) at the end 283 that was connected to the respiration chamber. Since the two samples collected 284 using these cartridges recovered less CO 2 than expected, we performed an 285 additional experiment to test whether the inner diameter of this tube affected the 286 rate of CO 2 trapping. Soil CO 2 was passively collected from the grassland site 287 using three pairs of identical MSCs except for the inner diameter of the tube that 288 connected the MSC to the respiration chamber. The results show that the inner 289 diameter of the tube between the respiration chamber and molecular sieve strongly 290 affected CO 2 trapping rate (Fig. 4) . 291
From the results of the experiment comparing MSCs with sampling tubes 292 of different inner diameter we were able to derive a factor (equation 1) to correct 293 the results for the synthetic soil experiment which had been collected using non-294 standard MSCs (S1 and S4; Thus the CO 2 volumes recovered using non-standard MSCs (2 mm ID at sampling 300 end) were corrected by multiplying by the correction factor (1.880). This 301 correction resulted in a closer agreement between the sum of the recovered 302 volumes of CO 2 for short period samples and the corresponding medium period 303 sample. The correction made little difference to the weighted average δ 13 C results -304 these all remained within measurement error (<2 σ). 305
The volume of CO 2 recovered was highly correlated (P<0.001) with 306 sampling time for the synthetic soil (Fig. 3) even before applying the correction 307 factor. However, the R 2 value was less than had been calculated for the field test 308 results, and the value only slightly improved after correcting for differences in the 309 tube size of MSCs. The poorer correlation may simply result from greater variation 310 in the CO 2 concentration of the chamber during the experiment with synthetic soil 311 (as observed in flask samples), which was performed over a much greater period of 312 time compared to the field test. 313
The respired CO 2 collected using MSCs from the synthetic soil had a 314 considerably lower 14 C content compared to the contemporary atmosphere 315 (expressed as conventional radiocarbon ages, the results range from 6965 to 8542 316 years BP). The 14 C content of the chamber CO 2 varied considerably over the course 317 of the experiment (Table 5) , with the result for the first half of the experiment (M1) 318 being considerably 14 C-depleted compared to the second half (M2). Despite this, 319 the combined result from the two medium period samples (37.67 %modern) was 320 within the measurement error of the long period sample (37.76±0.64 %modern).
-14 - the present study, our aim was to develop a method to sample passively the CO 2 337 released by soil in the field, allowing it to be recovered later in the laboratory for 338 measurement of the stable and radiocarbon concentration. To be a reliable 339 technique, the sampling method would need to fulfill certain criteria, which formed 340 the basis of the tests described here. 341
Firstly, it is essential that the sampling technique allows the collection of a 342 representative sample of CO 2 throughout the sampling period. That we found a 343 very strong correlation between CO 2 recovered from the MSCs and the exposure 344 time (Fig. 3) shows that, within the limits of the present studies, CO 2 was 345 continuously trapped. There will clearly be maximum exposure times and volumes 346 of CO 2 that can be adsorbed on the sieve, however it would appear that those limits 347 (~ 120 ml CO 2 / 56 d exposure time) were not exceeded in the present studies. 348
Consistent with Fick's Law, the rate that CO 2 was trapped was highest when the 349 chamber CO 2 concentration was greatest; for the grassland experiment, where CO 2 350 levels were ~40,000 ppm, only 2 days were required to trap ~7 ml CO 2 , whereas 351 for the synthetic soil experiment, where concentrations were ~10,000 ppm, similar 352 volumes required ~14 days of sampling. 353
The correlations in Fig. 3 The results from both the field and synthetic soil were consistent with 361 sampling rate not being affected by exposure time. In the grassland experiment, the 362 combined results from all shorter period samples all differed by < 0.5 ml from the 363 volume of corresponding longer period samples, which is close to the precision of 364 the volume measurement (approximately ± 0.1 ml). The results for some of the 365 samples from the synthetic soil experiment did differ considerably from what was 366 expected, but the difference was greatly reduced when a correction was made for 367 two of the samples being collected using non-standard sieve cartridges. That the 368 difference in the inner diameter of the sampling tube made such a difference to the 369 trapping rate should not be surprising, since it is predicted by Fick's Law. Indeed, 370 altering the cross-sectional area of the sampling tube offers one method of 371 -16 -modifying the cartridge design to tailor trap rates and exposure times for particular 372 needs, although we have not explored this possibility systematically at this stage. 373
The sieve cartridges we utilized had already undergone tests which showed 374 that they do not suffer from sample carry-over or contamination (Hardie et al., 375 2005) . When used with a pump-based sampling system the MSCs have also been 376
shown not to fractionate CO 2 isotopically, and although it was unsurprising that 377 passive trapping with the molecular sieve seemed to result in some isotopic 378 fractionation, we were not concerned about this in the context of 14 C measurements 379 as they are routinely corrected for mass-dependent fractionation (Stuiver and 380 Polach, 1977) . Our results support the use of the technique for 14 C analysis: in both 381 the field and synthetic soil experiments, the combined results of the medium period 382 samples were within measurement error of the respective long period sample 383 collected over the same time period (Tables 3 and 5 Further investigation into the discrepancy between the MSC and evacuated flask 410 results is being undertaken, which we hope will lead to a more reliable adjustment 411 factor. 412
Based on the results in the present study, the amount of 13 C fractionation 413 due to passive sampling with a MSC ranged between ~3 to 4‰. Therefore, using 414 this range of values to correct the δ 13 C of chamber CO 2 samples collected by 415 passive MSC sampling increases the uncertainty in the proportion of air in a 416 chamber sample, in turn increasing the uncertainty in the air-corrected 14 C value of 417 soil respiration. However, in a C 3 ecosystem where the difference in the δ 13 C ratios 418 of atmospheric and respired CO 2 are likely to be in the order of 15-20‰, the 419 current 1‰ uncertainty in the adjustment factor will only cause substantial errors 420 -18 -(>10%) in the calculation of the proportion of air present when the contribution of 421 respired CO 2 to the headspace is less than 50%. In such circumstances, issues with 422 analytical precision would, in any case, limit our ability to accurately estimate the 423 14 C value of respired CO 2 . Samples with high atmospheric contamination are often 424 discarded for these reasons. In the present study, the chamber CO 2 concentrations 425 were such that the maximum contribution of the atmospheric CO 2 (~380 ppm) 426 would only represent ~1% and 6% of the chamber CO 2 in the grassland and 427 synthetic soil experiments, respectively. In addition, the increased uncertainty in 428 the proportion of atmospheric contamination would only likely be significant if soil 429 respiration had a 14 C content very different from the contemporary atmosphere 430 (which is unlikely except in soils with extremely slow turnover rates or carbonate 431 contamination). However, to avoid all these issues, if a passive sampling 432 experiment is being carried out in a situation in which atmospheric contamination 433 of the samples is expected to be large, to allow for mass-balance corrections to be 434 made, we recommend that prior to the experiment, the degree of 13 C fractionation 435 be quantified using large closed chambers, isotopic standards and the same 436 molecular sieves as will be subsequently used for 14 CO 2 sample collection. 437
It should be noted that this passive sampling technique for trapping soil 438 respired CO 2 may not be appropriate for all situations. For example, if soil CO 2 439 concentrations are extremely low, then chambers may need to be in place for 440 considerable lengths of time (e.g. months) in order to provide sufficient CO 2 for 441 analysis, which may not be practical. As with all chambers, some characteristics of 442 a soil may be affected by the installation of the chamber itself (e.g. perturbations to 443 soil CO 2 gradients), issues that may be more important with this passive sampling 444 method due to the extended time that a chamber may need to be in place. 445
Our aim was to test the sampling method, and in that context the 446 interpretation of the isotope results from the experiments is of lesser importance. 447
However, it is interesting to note that in the field experiment, the 14 C results were 448 close but slightly enriched, relative to the contemporary atmospheric 14 C value 449 (Levin et al., 2008) indicating, as expected, that most soil respiration from this 450 grassland soil was fixed within the last few years. In the synthetic soil experiment, 451 the low 14 C concentrations (equivalent to greater than 6000 years old) most likely 452 imply that CO 2 was derived not only from the organic component (peat) of the 453 compost, but also from the small amount of carbonate it contained. Further support 454 for a contribution from the carbonate is provided by the δ 13 C of the CO 2 which was 455 very enriched in 13 C compared to the bulk soil (Table 1) Used passively, the MSCs collected representative samples 472 up to at least 100 ml CO 2 , therefore implying that the method could be used 473
for a large range of conditions -e.g. for a range of sampling timescales or 474 in situations where the chamber CO 2 concentration (which is a major 475 control on CO 2 trapping rate) is unknown. 476 3.
While we would recommend the MSC design we employed 477 for use over a wide range of conditions, modifications to the dimensions of 478 the cartridge could be used to alter trap rates to suit particular sampling 479 needs. For example, increasing the inner diameter of the sampling tube or 480 reducing the path from the chamber to the zeolite would both increase the 481 CO 2 trap rate, which may be advantageous if chamber CO 2 concentrations 482 are particularly low. 483
4.
As with other passive sampling techniques, isotopic 484 fractionation (~3-4‰) occurred during trapping when using the MSCs 485 passively, and future investigations aim to reduce the uncertainty in the 486 required adjustment factor. 487
5.
Passive collection of CO 2 using the MSCs provides an easy 488 and inexpensive method to reliably collect samples of soil-respired CO 2 for 489 14 Freeman, S., Bishop, P., Bryant, C.L., Cook, G.T., Dougans, A., Ertunc, T., 532 Fallick, A.E., Ganeshram, R.S., Maden, C., Naysmith, P., Schnabel, C., Tables  582   583   Table 1 Sampling was concurrent so that sieve cartridges experienced the same 593 conditions, and therefore, where results from short period samples have been 594 combined they should be identical to the results for the corresponding longer 595 period sample (see Fig. 2 and text for further explanation). Sampling was concurrent so that sieve cartridges experienced the same 618 conditions, and therefore, where results from short period samples have been 619 combined they should be identical to the results for the corresponding longer 620 period sample (see Fig. 2 and text for further explanation). 
